To meet the increasing demand for patterning smaller feature sizes, a lithography technique is required with the ability to pattern sub-20 nm features. While top-down photolithography is approaching its limit in the continued drive to meet Moore's law, the use of directed self-assembly (DSA) of block copolymers (BCPs) offers a promising route to meet this challenge in achieving nanometre feature sizes. Recent developments in BCP lithography and in the DSA of BCPs are reviewed. While tremendous advances have been made in this field, there are still hurdles that need to be overcome to realize the full potential of BCPs and their actual use.
Introduction
Current developments in the semiconductor industry are focused on the minimization of device size using various improved lithographic techniques. One of the key challenges is to fabricate smaller device dimensions to meet Moore's law [1] . Photolithography, even with state-of-the-art 193 nm immersion technology with multiple-patterning ability, is extremely hard to scale below 22 nm. An alternative approach to the standard 'top-down' photolithographic approaches is a 'bottomup' approach based on self-assembly. The self-assembly of block copolymers (BCPs) has attracted significant attention owing to the small feature sizes that can be obtained, the highly parallel nature of the process and the ease of chemically modifying the BCP or selectively removing one of the components. Currently, feature sizes down to 3 nm can be achieved from the self-assembly of BCPs and, possibly, even smaller feature sizes can be achieved [2] . There is no question that sub-nanometre feature sizes can be obtained by combining the self-assembly of BCPs with naturally occurring biomolecules, such as cyclic peptides [3] . Exciting progress has been made in the past decades using the self-assembly of BCPs on many fronts, including the feature sizes, line-edge roughness, lateral ordering and etch contrast. In concert with 'top-down' approaches, the guided self-assembly, commonly referred to as directed self-assembly (DSA), of BCPs offers a potential strategy for device fabrication to maintain Moore's law for a longer period of time, yielding devices with areal densities in excess of 10 teradots per inch 2 . There are, nevertheless, still challenges that must be met to achieve this goal.
To take full advantage of the nanostructures offered by the DSA of BCPs, highly selective pattern-transfer techniques with high fidelity are required. Typically, two steps are needed to transfer the BCP pattern. Since BCPs consist of two organic polymer chains covalently linked together at one end, there is little natural etching contrast between the blocks. To overcome this, a variety of techniques, depending on the nature of the BCP, have been developed to selectively remove one of the blocks, leaving behind a polymer film with pores or isolated nanoscopic features that can function as an etching mask for further pattern transfer. Even with this contrast, the fidelity of the transfer must be high to ensure precise pattern transfer. Different patterntransfer techniques, including dry etching, wet etching and ion beam etching, have been used for pattern transfer of BCP templates to other materials.
This review article focuses on the generation of masks from BCPs and their use for pattern transfer. We focus on describing different methods for producing masks from the self-assembly of BCPs. The reader is referred to several general reviews describing the phase behaviour and ordering of BCPs in thin films and related topics [4] [5] [6] [7] [8] [9] [10] [11] . In this review, we will provide a general introduction to BCP lithography and pattern-transfer techniques, then a summary of the lithographic masks generated from different types of BCPs and examples of transfer, then a brief description of DSA processes, and, finally, challenges and possible future research directions involving BCP lithography and pattern-transfer processes.
(a) Block copolymer self-assembly
BCPs consist of two chemically distinct polymers that are covalently linked at one end. Nonfavourable segmental interactions, coupled with the inherent entropic loss due to the long-chain nature of the BCP, cause a separation of the blocks into domains where the size of the domains is dictated by the molecular weight of the BCP chain and the shape of the domain, be it spherical, cylindrical, gyroid or lamellar, is dictated, primarily, by the volume fraction of the components. Since the polymer chains are covalently bonded together, the size scale of the domains must be commensurate with the size of the polymer chain, typically on the tens of nanometres length scale or less. The domains that are formed are typically referred to as microdomains (even though they are nanoscopic in size) where, at the time of the initial theoretical developments in the field by Meier [12] and Helfand & Wasserman [13] , microscopic was considered to be very small. The lower limit of the microdomain size is set by the condition (for symmetric BCPs, i.e. where the volume fractions of the components are equal) that χ N > 10.5 [14] , where χ is the FloryHuggins segmental interaction parameter and N is the total number of units constituting the BCP, i.e. the degree of polymerization (DP). If χ N < 10.5, then the blocks of the BCP will mix, forming a homogeneous or phase-mixed morphology. So, to decrease the size and maintain a microphase-separated morphology, N must decrease and χ must increase to compensate.
The morphology of BCP thin films depends on the strength of interfacial interactions. Strong preferential interactions of one block with the substrate or a lower surface energy of one component cause a segregation of that block to either the surface of the film or the substrate interface. The connectivity of the blocks forces a parallel orientation of the microdomains to the substrate. When the surface is neutral, i.e. the interfacial interactions are balanced (equally favourable or unfavourable), there is no preferential segregation of the components to the interfaces. Any slight incommensurability will cause the microdomains to orient normal to the surface. The interfacial energies of a BCP can be precisely controlled by anchoring a random copolymer to the surface, where the volume fraction, f , of monomers in the brush can be varied in the synthesis. As f is varied from 0 to 1, the system goes from a condition of preferential wetting of the substrate by A to a preferential wetting by B. However, for one value of f the interactions of A and B with the substrate are balanced. At this point, the microdomains of the BCP will orient normal to the surface. This simple concept of balancing interfacial interactions, whether this is done with an anchored random copolymer, a cross-linked random copolymer material or even, as shown recently, a partial coverage of a BCP on the substrate or by passivating a surface, so as to control the orientation of the BCP microdomains, has had a profound impact on the use of BCPs as templates for pattern transfer or as scaffolds for the fabrication of nanostructured materials.
(b) Pattern-transfer methods (i) Dry etch
Dry etch is widely used for the transfer of a resist mask pattern to an underlying material in the semiconductor industry. Dry etch is typically used for directional etching, since the etchant gas is ionized by a high-radio-frequency (RF) field and ions are accelerated towards the surface by an electric field. The highly energetic ions can chemically react with the etch mask and the underlying substrate, and physically remove material by a sputtering mechanism. Provided the pitch of the features is approximately greater than 22 nm, the mask determines the lateral resolution of the transferred pattern. However, the achievable depth of the etch profile is limited by the thickness of the mask material, the selectivity of the etchant and the fidelity of the etch. While, in principle, the etching is unidirectional, the divergence of the beam and scattering events in the medium can cause a spreading of the etching, and material removed from underneath the mask, i.e. there is an undercut, will limit both the lateral resolution of the etching and the aspect ratio of the features produced. In addition, for BCP templates, as the size scale of the features is reduced, usually the thickness of the template is reduced, which can limit the fidelity of the transfer; if there is not a large selectivity in the etching rates, the fidelity of the transfer can be compromised. Reactive ion etching (RIE) with oxygen will effectively oxidize and remove most organic polymers. For silicon (Si) and metals, fluorine-based etch chemistry, using fluorinated gases, such as SF 6 , C 2 F 8 or CHF 3 , in combination with argon (Ar) gas, are most effective. The etch rates depend on the different ionization and acceleration conditions. Typically, a higher RF power increases the ion density, and, consequently, the etch rate. Ion milling, typically using Ar ions, is similar to RIE, but based on a directional sputtering process.
(ii) Wet etch
The principle of wet etch is similar to dry etching, but the etchant is delivered to the surface in a liquid medium, as opposed to being a stream of accelerated ions. Wet etching for most amorphous or disordered crystalline materials is isotropic, since there is no directional biasing of the chemical reactions at the interface. However, if the substrate is a single crystalline material, such as a silicon wafer, then certain etchants will preferentially etch along certain lattice planes. For example, with Si, using a potassium hydroxide (KOH) solution, the etch rate of Si along the (111) plane is much slower than along the (110) plane. This difference in etching rates can be used to produce trigonal, saw-tooth or pyramidal-type facets on the surface with exceptional fidelity along the lattice planes [15, 16] .
A directional wet etch can also be achieved using a metal-assisted chemical etch process. Here, noble metals, along with hydrogen peroxide (H 2 O 2 ) and hydrogen fluoride (HF), are used for local oxidation and reduction reactions, which will etch Si. Metals, such as gold, deposited on the surface of Si serve as a local cathode to catalyse the reduction of H 2 O 2 and to oxidize silicon to form SiO 2 , which can subsequently be removed by HF. This process results in the removal of Si without a net consumption of the metal. Therefore, the metal etches into Si, and acts as a negative resist etch mask. Under controlled etching conditions, a metal-assisted chemical etch produces ultra-high-aspect-ratio silicon structures.
Block copolymer lithography: organic block copolymer templates
The application of BCPs for nanoscale lithography has been an active research area. Here, we review BCP lithography based on the chemical structure of the different BCPs that are typically used. We will further discuss different ways for pattern transfer using those BCPs. Different methods, which are aimed to enhance the etching contrast of the organic BCP, will be discussed along with the corresponding pattern-transfer methods.
(a) PS-b-PI and PS-b-PB
The idea of using BCPs for lithography patterning was first introduced by Mansky et al. [17, 18] . After the observation of well-ordered hexagonally packed spherical domains in a thin film by transmission electron microscopy (TEM), they realized that BCP microdomains could potentially be used for high-resolution lithography. Later, the first experimental work on BCP lithography was demonstrated by Park et al. [19] using thin films of sphere-forming poly(styrene-b-butadiene) (PS-b-PB) and poly(styrene-b-isoprene) (PS-b-PI) BCPs. In this experiment, thin films of the BCPs were spin-coated onto a silicon wafer and, then, thermally annealed to allow the BCPs to selfassemble into a periodic array of PB spherical microdomains embedded in a PS matrix. By ozone removal or staining of the PB block with osmium tetroxide (OsO 4 ), a template with sufficient contrast for patterning using O 2 RIE was produced. A periodic array of holes or pillars (aspect ratio approx. 1; area density approx. 0.1 teradot cm −2 ) was patterned into a Si 3 N 4 substrate by CF 4 /O 2 RIE, which was comparable to the areal densities afforded by the state-of-the-art e-beam lithography at that time (figure 1). This first example demonstrates the beauty in the use of selfassembly of BCPs to generate a pattern for transfer. First, the self-assembly is highly parallel, occurring uniformly over large areas simultaneously. Second, high areal densities can be achieved relatively simply without the need of multi-step, photolithographic processes.
The pattern transfer of BCP morphologies was further extended to other materials, such as Ge substrates [20] . Also, selective deposition of GaAs pillars on the porous structure was demonstrated by using a PS-b-PI BCP template [21] . Although progress has been made, one of the disadvantages of the above-described method is that the sphere-forming PS-b-PB BCP was not useful for the patterning of a high-aspect-ratio structure because of the limited thickness of masks that are fabricated from sphere-forming microdomains. A rather complicated three-layer structure, including a PS-b-PI BCP layer, a Si 3 N 4 intermediate layer and a polyimide polymer layer, was used to circumvent the problem mentioned above, enabling the patterning of high-aspect-ratio structures [22] . The Si 3 N 4 intermediate layer was chosen to take advantage of the high selectivity between the hard Si 3 N 4 mask and the underlying polyimide layer during O 2 RIE. Therefore, after the transfer of the spherical microdomain structure to Si 3 N 4 , subsequent etching through the Si 3 N 4 to the underlying polyimide layer produced a high-aspect-ratio polyimide structure. However, this trilayer pattern-transfer strategy is rather tedious and its applicability is limited when compared with other BCPs, such as polystyreneblock-poly(methyl methacrylate) (PS-b-PMMA). After this pioneering work, the number of publications in the field of BCP lithography and the number of laboratories focused on this topic have exploded.
(i) PS-b-PMMA PS-b-PMMA is the most widely studied BCP system because of its wide commercial availability, narrow molecular weight distributions of each block and PMMA being a standard photoresist. Moreover, the surface energies of PS and PMMA are very similar, and convenient control over the domain orientation can be achieved by tuning the interfacial energy of the underlying substrate with a random copolymer brush, by applying an external field, such as an electric field, or by use of solvent evaporation, a highly directional field normal to the film surface [23, 24] . The easy removal of PMMA and the cross-linking of PS, using standard, non-disruptive processes, has made the BCP a very attractive candidate for lithography and subsequent applications. Russell and co-workers first fabricated porous polymer templates using PS-b-PMMA either by destructive UV radiation of the sample or by reversible, selective solvent reconstruction of thin films. Thurn-Albrecht et al. [25] first reported a simple route to fabricate a porous polymer template using a PS-b-PMMA BCP by selectively degrading the PMMA block using UV light. Thin films of PS-b-PMMA were spin-coated onto a silicon substrate where interfacial interactions were balanced using a random copolymer (PS-r-PMMA) anchored to the surface of random brush copolymers in order to promote an orientation of the cylindrical PMMA microdomains normal to the surface. By thermal annealing, an array of cylindrical microdomains of PMMA in a PS matrix, oriented normal to the film surface, was obtained over the entire surface. Exposure of the film to UV radiation degraded the PMMA, cross-linked the PS and, upon rinsing with dilute acetic acid, led to a stable, nanoporous film in direct contact with the substrate, where the nanopores ran from the surface to the substrate and the pore diameter was equal to that of the original cylindrical microdomains [25] . Figure 2 shows a scanning electron microscopy (SEM) image of the porous polymer template. Both X-ray and neutron scattering were used to demonstrate the porous structure, where the increase in the scattered intensity could be quantitatively accounted for by the change in the electron density or neutron scattering length density of the template, before and after removal of the PMMA block. Surface reconstruction, first introduced by Xu et al. [26, 27] , affords another convenient method to generate a porous BCP template. PS-b-PMMA thin films, where the cylindrical microdomains were oriented normal to the film surface and the thickness of the BCP was approximately one period, were immersed in a good solvent for the PMMA block but a non-solvent for the PS matrix. The strong solvating power of the solvent draws the PMMA block (still covalently bound to the PS block) to the surface and, upon drying, the PMMA chains are deposited on the surface, leaving pores in the place where the cylindrical microdomains were. X-ray photoelectron microscopy experiments showed that the PMMA completely covered the surface. This trivial reconstruction process leaves a porous template in direct contact with the substrate and, unlike the process where the PMMA is degraded, if the reconstructed film is heated above the glass transition temperature of the two blocks (T g,PS = 100 • C and T g,PMMA = 115 • C), then the PMMA is drawn back into the pores, leaving the original films. This return to the original film by drawing the PMMA back into the pores can be used to generate an entirely new array of templates, as shown by Park et al. [28] .
The centre-to-centre distance and the pore diameter in porous PS-b-PMMA templates can be controlled in several ways. One approach is to vary the molecular weight of the BCP. Here, both the period and the diameter of the cylindrical microdomain will be varied together. In another approach, PMMA homopolymer can be added to the BCP to increase the diameter of the cylindrical microdomain, while only increasing the centre-to-centre distance by an amount that is commensurate with the increase in the diameter of the microdomain. Here, by selectively decomposing the PMMA block or by use of a selective solvent, a pore diameter commensurate with the cylindrical microdomain will be obtained [29] . However, if the reconstructed film is thermally annealed, then the PMMA covalently bound to the PS block will be drawn back into [29] , a smaller pore can be produced running down the core of the cylindrical microdomain. Consequently, the period can be kept fixed and a smaller pore diameter can be achieved [29] . In a third approach, cross-linking the PS matrix in PS-b-PMMA BCPs by ozone plasma has also been demonstrated to generate pores with relatively small size [30] . The size of the pores ranged from 3 to 8 nm [31] . The pores were opened at the centre of the PMMA domains as the polymer chains relax when the thin film contracts during the cross-linking. One of the fundamental limitations in processes requiring the use of a fluid to remove one of the components or degradation by-products is the capillary force. In particular, if the aspect ratios of features that are tens of nanometres in size are too large, then, as the fluid is removed, capillary force will pull adjacent features towards each other, causing a collapse of the structure [32] . There are several routes to circumvent this limitation. Specifically, the solvent can be lyophilized (freeze-dried) or a super critical fluid, such as CO 2 , can be used, where surface tension is not an issue. These alternative routes can, however, be impractical in an industrial setting. Dry-etching processes provide a viable alternative route to selectively remove one component. Asakawa & Hiraoka [33] first reported the use of dry O 2 RIE to remove PMMA domains, but the difference in the etching rates in PS and PMMA was small, resulting in a thin etch mask of porous PS. A more detailed analysis of the dry etching of PS-b-PMMA using different etching chemistry was performed by Liu et al. [32] . An O 2 RIE yielded an isotropic etch, while an Ar RIE resulted in an anisotropic sputtering, where 24 nm wide, 80 nm high lamellae with a pitch of approximately 50 nm were achieved (figure 3a). A significant drawback was that the Ar RIE severely damaged the pattern, when compared with that achieved from an O 2 RIE (figure 3c). Pattern transfer of the polymer mask to silicon was also achieved by using C 2 H 2 F 4 /SF 6 RIE. Ting et al. [35] argued that an Ar/O 2 mixture gas was optimal for etching PS-b-PMMA in terms of both etch selectivity (2 : 1) and pattern quality. Farrell et al. [36] investigated the chemistry involved in CHF 3 and the selectivity in etching the PMMA domains in a PS matrix (2 : 1 etch ratio). It is interesting to note that a 3.5 : 1 etch contrast was obtained when homopolymer PS and PMMA films were investigated separately. Mixtures of SF 6 and C 4 F 8 for RIE enabled a transfer of the PS mask to the underlying bulk silicon substrate [36] .
Pattern transfer using a BCP template can be achieved by an addition process, where materials are deposited onto the surface covered with the BCP template, and then the BCP is removed, leaving behind negative replica of the template. Alternatively, the template can be used as a mask for etching into an underlying substrate or into a layer of active material, such as a magnetic material, creating an exact replica of the template in the active material. Black et al. [37] were the first to show that porous BCP templates from PS-b-PMMA could be used as etch masks for fluorine RIE. SF 6 RIE was used to transfer the BCP template pattern to an underlying silicon substrate (figure 4a), where etching into Si was 25 times more rapid than through the cross-linked PS template. The etch selectivity was much lower when the features were 30 nm or less. After the complete removal of the template, allowing a native SiO x layer to form on the Si, and evaporating a metal, such as Al, a semiconductor capacitor with increased charge storage capacities was produced in a straightforward manner. Guarini et al. [39] further investigated the conditions for template generation and showed that CHF 3 could be used as an alternative RIE gas. The hole pattern in silicon was also tone-reversed to form Si 3 N 4 pillars by a three-step process. Silicon nitride was first deposited onto the SiO 2 surface having the hole pattern by thermal chemical vapour deposition (CVD). Then CH 3 , CF 4 , CH 2 F 2 and Ar RIE were used to remove excess silicon nitride and hydrofluoric acid (HF) was then used to remove the silicon oxide template. The residual Si 3 N 4 in the holes is a reverse pattern of the PS matrix that served as an etch mask for further pattern-transfer purposes (figure 4d). High-aspect-ratio silicon pillars were obtained by etching the Si 3 N 4 mask into the underlying Si with SF 6 RIE. It should be noted that, by changing the concentration of the BCP so that there are PS cylindrical microdomains in a PMMA matrix, freestanding PS pillars covering the silicon wafer could be obtained [34] . RuO 4 was used to stain PS pillars to enhance the etch contrast so that transfer to Si 3 N 4 could be achieved with CHF 3 /Ar (1/9) inductively coupled plasma (ICP) RIE and, subsequently, to the silicon substrate with HBr RIE. The porous PS template has also been used as an etch mask for ion milling by Liu et al. [40] to transfer the BCP hole pattern to an underlying Fe layer. Although the quality of pattern transfer was poor, a bilayer of porous Fe and FeF 2 was fabricated that showed magnetic hysteresis loops and anisotropic magneto-resistance asymmetry. Similarly, fabricating a patterned magnetic metal alloy of CoCrPt nanodots via RIE and ion milling using a BCP template was shown [41] . The coercivity of the isolated CoCrPt dots was much higher than that of the continuous magnetic film. Jeong et al. [42] further extended the BCP lithography to a variety of other materials using PS-b-PMMA BCPs together with RIE and ion-milling pattern-transfer processes; for example, transferring the pattern to TiO 2 with RIE and ion milling into Pt film.
Thurn-Albrecht et al. [38] demonstrated the potential of BCP templates to generate very-highaspect-ratio cobalt nanowires using an electrochemical deposition process. Here, a thick film (several tens of micrometres) of a PS-b-PMMA BCP with cylindrical PMMA microdomains was cast onto a silicon substrate. To orient the BCP microdomains throughout the entire film, simply modifying the interfacial interactions would not be sufficient. However, the dielectric constant difference between PS and PMMA is large enough so that an electric field could be used to induce the desired orientation of the microdomains. By placing an aluminized Kapton sheet on top of the BCP film (where a thin layer of PDMS was placed between the BCP and the Kapton to fill any air gaps) and applying a voltage across the Al and Si, an electric field is generated where the strength of the field is dictated by the separation distance between the electrodes and the dielectric constant of the BCP. It should be kept in mind that the separation distance between the electrodes is only several tens of micrometres and, as such, at low voltages, very large fields can be produced. And the fields are of sufficient magnitude to overcome interfacial interactions and orient the BCP microdomains in the direction of the applied field. Consequently, the approximately 20 nm cylindrical microdomains, which extend continuously across the film, have exceptionally high aspect ratio. Using UV radiation, the PMMA was degraded, removed by rinsing with acetic acid, leaving a nanoporous film on a silicon substrate. This was placed in an electrochemical cell where metal could easily be deposited in the pores. These authors demonstrated this method using the example of Cr, but the approach is applicable to a wide range of materials. In fact, by stopping the deposition before the pores are completely filled and transferring to another cell, one or more different materials can be deposited, producing a layered nanowire structure. One of the nice features of this deposition process is that the nanowires are embedded in an insulating polymer matrix (PS), which not only serves to isolate the nanowires from each other but also provides an inert support for the wires and stabilizes the nanowires against oxidation.
This result sparked a significant amount of research to develop the BCP templates as scaffolds for producing nanostructured materials for potential applications. Kim et al. [43] grew SiO 2 pillars within the BCP framework. Here, a nanoporous BCP template on a silicon substrate was placed into a stream of SiCl 4 . In the presence of a small amount of water, SiO x is grown at the exposed surface, i.e. within the nanopores of the BCP template. Similar chemistries can be used to produce TiO x , where TiCl 4 , rather than SiCl 4 , is used. RIE was used to remove the polymeric template after the SiO 2 pillars were formed, as shown in figure 5 . Calcination of a PS template with the precursor at 500 • C was an alternative way of removing the polymeric template while converting the silicon precursor into SiO x [44] . Perhaps an even simpler route to produce SiO x nanopillars has been described previously [44] [45] [46] , where a commercially available spin on glass (SOG) or tetraethoxysilane or even PDMS can be spin-coated onto the nanoporous BCP and either sol-gel chemistry or thermal treatment can produce the SiO x that can be calcined at elevated temperatures with the organic template being removed. A variety of metal nanostructures have also been produced by a simple metal deposition onto the nanoporous BCP template. Shin et al. [47] produced metal nanodots by metal evaporation, followed by a lift-off of the PS template. It is imperative, though, that the thickness of the metal deposited enables access of the solvent to the organic template for a lift-off. This method was improved by McGehee et al. [48] , who used an obliquely angled sputter-etch to remove the metal coating on the sidewall of the polymer template, facilitating the diffusion of solvent into the polymer template. High-quality tone reversal was achieved and, subsequently, the dot pattern was transferred to the underlying Si with an NF 3 RIE, which had a 20 : 1 etch contrast between Si and Cr. This tone reversal has been used with Au immobilized in the nanopores [45] and Cr nanodots synthesized within the BCP framework [49] . Cobalt dots have been synthesized by Xiao et al. [49] with the combined directed self-assembly of PS-b-PMMA using graphoepitaxy and the lift-off process. Both Ar ion milling and oxygen RIE were used to remove excess cobalt metal and the residual PS matrix, respectively. Cobalt dots of high lateral order were templated by the BCP inside the silicon trench, as shown in figure 6 .
Aside from metals, inorganic nanostructures can be grown by using the BCP template or in the nanoporous arrays. Darling and co-workers [50] [51] [52] [53] [54] reported a sequential infiltration synthesis (SIS) of a variety of inorganic materials using PS-b-PMMA templates. Trimethyl aluminium (TMA), a precursor for Al 2 O 3 , was selectively deposited into the PMMA domains using an atomic layer deposition (ALD) technique. TMA interacts with the carbonyl groups in the PMMA chains and creates Al-CH 3 /Al-OH sites inside the PMMA scaffold. After infiltration, the BCP template was removed by O 2 RIE or by heating the film to 500 • C so that Al 2 O 3 lines, which replicated the BCP microdomains, remained [50] . Control over the width of the Al 2 O 3 mask was achieved by varying the ALD cycle counts [50] . The SIS process improved the etching resistance of the PMMA domains by a factor of 37 by using HBr gas for the RIE [52] . The method for patterning of Al 2 O 3 was extended to the patterning of other inorganic materials, including TiO 2 , SiO 2 , ZnO and W by using different precursors [53] . After a sufficiently long exposure to UV light the hydrophobic PS template was converted into a material with hydrophilic character. TMA was also infiltrated into the PS domains to make an Al 2 O 3 mask with reversed tone [55] (figure 7). (table 1) . Zalusky et al. [61] systematically investigated the phase behaviour of PS-b-PLA by synthesizing copolymers of different molecular weights and volume fractions. Both thermal and solvent annealing was used to induce a microphase separation in PS-b-PLA thin films. Furthermore, the PLA microdomains in the PS-b-PLA BCPs can be easily removed using a weak acid or base to produce a nanoporous polymer template, as shown in figure 8 . It should be noted that the template prepared in this manner is PS and is not cross-linked. This is advantageous for lift-off processes, where dissolution of the PS is easy, but it has a disadvantage in that the PS template will relax to reduce the surface area. Leiston-Belanger et al. [63] [64] reported that the use of a random brush copolymer PS-r-PMMA (32-38% PS composition) allowed the lamellae in PS-b-PLA to be oriented normal to the substrate. Solvent annealing is an alternative way of inducing a microphase-separated state and also allows control of the orientation of the microdomains in PS-b-PLA BCPs. Vayer et al. [65] showed examples of vertically oriented pores that spanned the entire PS matrix, and were produced by annealing of the PS-b-PLA thin film in tetrahydrofuran (THF) vapour and subsequent removal of the PLA by hydrolysis. They also used UV light to cross-link PS in order to avoid delamination during the hydrolysis process.
The porous templates made from PS-b-PLA BCPs have been used in various lithography applications. For example, Olayo-Valles et al. [66] [67] demonstrated the fabrication of magnetic dots by overfilling a porous PS template with Ni 80 Fe 20 followed by Ar ion milling and etching (figure 9). A sol-gel replication method was also reported using PS-b-PLA BCPs. Nguyen et al. [68] converted a porous polymer template to the negative pattern of SiO 2 using infiltration of TOES precursors followed by thermal degradation of the polymer template. dimension of a porous polymer template can be controlled by using PS-b-PEO with different molecular weight and by blending with either PEO or PMMA homopolymer [70] .
One of the drawbacks of PS-b-PEO BCPs is that, unlike PS-b-PMMA or PS-b-PLA BCPs, there is no simple way of degrading the PEO domains. However, various PS-b-PEO-based polymers have been synthesized to circumvent this problem. For example, Bang et al. [71] used reversible addition fragmentation chain transfer (RAFT) polymerization to synthesize a PS-b-PMMA-b-PEO triblock copolymer, which allows chain scission under UV light to remove the PEO domains, and thus the fabrication of a highly ordered porous PS template. Alternatively, an acid cleavable juncture, a triphenylmethyl(trityl) ether linkage, was introduced between PS and PEO to create a cleavable PS-b-PEO BCP [72] . Brønsted or Lewis acids at ambient conditions can readily cleave a trityl ether linkage. For example, highly ordered PEO microdomains were achieved by solvent annealing of cleavable PS-b-PEO in benzene vapour for 48 h. Further annealing in trifluoroacetic acid vapour was used to cleave the junction between PS and PEO domains. A methanol-water (10 : 1) solvent mixture served to rinse the degraded PS-b-PEO film, and dissolved the cleaved PEO domains, leaving a porous PS template for further patterning applications. O-nitrobenzyl ester, a photo-cleavable junction, was synthesized between PS and PEO domains by RAFT polymerization [73] . This makes PS-b-PEO degradable under 365 nm UV light (dose of 5.6 J cm 2 ), and it behaves similarly to PS-b-PMMA but with a higher Flory-Huggins interaction parameter. Reconstruction in a selective solvent is a convenient way of obtaining a porous polymer template of PS-b-PEO BCP. The use of ethanol, a good solvent for PEO but a bad solvent for PS, allows for fabrication of a hexagonally packed porous polymer template of PS-b-PEO [74] . In another study, it was shown that HI acid cleaves the PEO domains in PS-b-PEO, producing porous PS templates [75] .
Porous templates fabricated from PS-b-PEO BCPs have been used as an etch mask for patterning of various materials. For example, Gu et al. [74] used a solvent-annealed and reconstructed PS-b-PEO mask to pattern high-aspect-ratio silicon holes using SF 6 and O 2 lowtemperature RIE (etch recipe: flow rate 34 sccm SF 6 and 16 sccm O 2 , RF power 1000 W, 10 mTorr pressure and a temperature of −120 • C). The low-temperature etching was used to condense a passivation layer on the sidewall of the silicon, which allows an almost vertical etch profile. An etching selectivity up to 8 : 1 was obtained between the organic mask and the silicon wafer. A hexagonally packed array of 20 nm silicon holes was etched into the silicon substrate to a depth of 60 nm [74] . Moreover, other patterning methods were used related to PS-b-PEO porous templates. For example, a selective sol-gel process was performed on the hydrophilic PEO block [76] . H 2 O condensed exclusively in the PEO domains after an immersion of the PS-b-PEO BCP in water, which selectively reacts with SiCl 4 or TiCl 4 to generate SiO 2 or TiO 2 posts. A PDMS homopolymer, another precursor for SiO x , was used to fabricate silicon oxide pillars [77] . A thin layer of PDMS in heptane was spin-coated onto a porous PS-b-PEO template. Upon heating the sample to 60 • C, capillary forces drove PDMS into the porous template. O 2 RIE was used to remove the polymer template, and to convert PDMS into silicon oxide pillars. An area density up to 2 teradot per inch 2 was achieved using this method. Another interesting way of enhancing the etch resistance of PEO domains is to co-assemble silicon-containing small molecules with PS-b-PEO BCPs [78] (figure 11). Silsesquioxane (SSQ), which contains silicon that is more resistant to etching, preferentially interacts with PEO during the self-assembly of a BCP/SSQ mixture [80] . Thermal cross-linking of the SSQ and a decomposition of the polymer template above a temperature of 450 • C produced a silica nanostructure, which was a replicate of the PEO microdomain structure. Similarly, polymethylsiloxane (PMS) can be coassembled with PS-b-PEO BCPs to improve the etch selectivity [81] . Sundström et al. [82] co-assembled PMS with PS-b-PEO BCPs, then converted the PEO domains to SiO 2 , and used CF 4 RIE to transfer a silica mask to a silicon substrate. The achieved aspect ratio of the silicon structure, however, was limited to values of 1 : 1 [82] . Park et al. [81] showed a strategy for patterning a porous template with a high aspect ratio by using a structure with bilayers, a PS-b-PEO-PMS polymer mixture and an organic transfer layer. Pores were achieved with an aspect ratio of 5 : 1 and with a depth of 25 nm in the organic transfer layer. The co-assembly of silicon-containing materials with PEO domains in PS-b-PEO BCPs not only improves the etch resistance of the PEO domains but also increases the unfavourable interactions between PS and PEO domains. Park et al. [83] reported that the spacing of microdomains was as low as 14 nm in PS-b-PEO BCPs with a total molecular weight of 5.1 kg mol −1 (PS-b-PEO, 3-b-2.1 kg mol −1 ). In this case, the neat copolymer PS-b-PEO (5.1 kg mol −1 ) did not microphase separate. DSA was used to obtain lateral ordering within hybrid systems. For example, Cheng et al. [84] showed that by using topographical trenches the self-assembly of lamellae in a PS-b-PEO/organic silica hybrid system can be directed to produce a pattern of lamellae of unidirectional orientation [84] . On the other hand, Kim et al. [79] found that lamellae were aligned normal to the surface in shallow silicon trenches. Both methods demonstrated that BCP/organic silica hybrids behave similarly to neat BCPs and their self-assembly can be directed when it is combined with top-down patterning techniques.
(iv) PS-b-P2VP and PS-b-P4VP
Polystyrene-b-poly(vinyl pyridine) (PS-b-PVP) represents another interesting class of polymer materials mainly because of the pyridine group in the PVP blocks. Metal counter ions can interact with the pyridine groups (actually pyridinium groups after protonation) of the PVP blocks in PS-b-PVP, which offers the possibility to make metal structures by reduction of coordinated metal counter ions [85, 86] . Spatz et al. [85, 86] were the first to mix PS-b-P2VP BCPs with chloroauric acid (HAuCl 4 ), then dip-coat the resulting films for the formation of PS-b-P2VP micelles complexed with gold ions. Gold domains with a size of 25 nm and a period of 45 nm were fabricated on the entire wafer. Such gold domains can serve as an excellent hard mask for pattern transfer using RIE or Ar ion milling. Chai and co-workers [87] [88] [89] further extended the use of PS-b-P2VP BCPs to fabricate various metal structures with line patterns. In contrast to a mixing of metal ions with BCPs beforehand, they first self-assembled the neat PS-b-P2VP thin film on silicon using thermal annealing (230 • C for a day), then the annealed BCP film was immersed into an aqueous solution of metal ions with diluted acid to form a complex of metal ions and P2VP domains. templates were transferred to silicon oxide using RIE etching [81] . The quality of the pattern transfer from the polymer mask to silicon was greatly improved by using low-temperature RIE etching [74] . Fifteen-nanometre silicon fins with a 5 : 1 aspect ratio were patterned across a 1-inch 2 surface. The polymer mask was fabricated using the self-assembly of a PS-b-P2VP BCP together with reconstruction and RIE. The polymeric mask was then etched in SF 6 gas ICP RIE at −120 • C ( figure 13 ). Different metals such as gold or chrome were evaporated on the porous polymer template, followed by a lift-off to produce metal dots [28] . Silver dots were also generated from a PS-b-P2VP BCP by coordination of the P2VP blocks with 3 mM silver nitrate (AgNO 3 ) in a dilute HF solution. Such silver nanodots act as an etch mask for metal-assisted wet etching using HF and H 2 O 2 , for example, to etch into a silicon substrate and to produce silicon wires with a high aspect ratio [97, 98] . Such silicon wires with a high aspect ratio greatly increase the surface area of silicon, and were reported to be used as an electrode for battery applications [97] . Alternatively, a PDMS precursor in heptane can be spin-coated onto a porous polymer template, and then reduced by RIE in order to produce silicon oxide pillars [91] . Gu et al. [96] further extended this method to fabricate silicon oxide pillars with a large feature size. Before spin coating of PDMS, a short-time isotropic O 2 RIE was used to enlarge the size of the pores in a PS-b-P2VP template. Silicon oxide pillars with a high area density of 2 teradot per inch 2 were obtained using a PS-b-P4VP BCP with a molecular weight of 15 kg mol −1 . A PS-b-P4VP thin film was also used as an etch mask for wet etching of a silicon wafer [99] . For the wet etching of silicon the BCP film was dipped in a dilute HF (aq) solution. The pattern of the P4VP domains was transferred to the underlying silicon. A longer etching time of silicon by HF produces holes with an increased size due to the undercut of silicon beneath the BCP pattern. An interesting method combines both solvent annealing and thermal annealing (by using a microwave heater) and was proposed by Zhang et al. [100, 101] . A PS-b-P2VP thin film was placed in a sealed polytetrafluoroethylene (PTFE) chamber together with a solvent reservoir at the bottom. The BCP film was heated in a microwave oven and simultaneously exposed to solvent vapour. The authors found that this combined annealing method reduced the required time for producing a well-ordered microdomain structure to a minute. This method has the potential to greatly increase the throughput of BCP lithography and significantly reduce the cost of fabrication. It is also worth noting that in a structure of double-layered cylindrical domains the domain spacing can be decreased to half by loading the cylinders parallel to the substrate with a metal, and subsequently etching away the BCP template [102] .
(v) Other organic block copolymers
A lot of other polymers are also worth mentioning and will be discussed here. Poly(α-methylstyrene)-block-poly(4-hydroxystyrene) (PαMS-b-PHOST) BCPs are a unique class of BCPs [103] [104] [105] [106] . They not only are able to self-assemble into nanoscopic domains, but can also be used as negative-tone photoresist when combined with small amounts of a photoacid generator (triphenylsulfonium triflate; TPST) and a cross-linker (tetramethoxymethyl glycoluril; TMMGU) [103] . The combination of photolithography with PαMS-b-PHOST BCPs self-assembly results in an area-selective high-resolution BCP lithography that allows for the generation of arbitrary shapes. Organic polymer materials with a high Flory-Huggins interaction parameter were also reported. Poly(styrene-block-acrylic acid) (PS-b-PAA) BCPs were estimated to have a χ > 0.3. Zhang et al. [107] self-assembled a PS-b-PAA BCP on a silicon surface, and observed a pitch of 14 nm from a neat PS-b-PAA BCP (5.1-b-3.9 kg mol −1 ). Triblock copolymers also were developed for lithography applications. For example, a PEO-b-PMMA-b-PS ABC triblock copolymer was annealed under a high relative humidity, followed by UV degradation and acid washing. A square packing of half-spheres at the surface was observed as a result of interactions between the hydrophilic PEO segments and water vapour during processing. Such structures with square packing are very interesting from an industrial perspective [108] .
(b) Block copolymers containing inorganic material
The etch contrast between the different blocks in BCPs is naturally low because they are made of organic polymers. As described above, the selective removal of one domain either by use of UV radiation or by reconstruction of the film in a selective solvent is required to produce a porous template. BCPs in which one block contains inorganic material provide an alternative for producing porous templates because they are much more resistant to O 2 RIE. By the application of O 2 RIE the organic block can be easily removed, while the slower etching rate in the inorganic block allows the necessary contrast for preparing an etch mask to be achieved. This rather simple process makes BCPs containing inorganic material attractive for lithography applications. Moreover, incorporating inorganic material into one block of a BCP increases the unfavourable interactions between the different blocks, which promises a reduction in the size of the microdomains below 10 nm. On the other hand, the drawback of using inorganic masks is that the residual inorganic mask is relatively hard to remove. In addition, residual inorganic materials have ions, which contaminate the device fabrication and reduce the performance of devices. In the following sections, some of the most commonly used BCPs that contain inorganic materials will be reviewed.
(i) PS-b-PDMS
Polystyrene-block-polydimethylsiloxane (PS-b-PDMS) is one of the most widely researched diblock copolymers that contain inorganic material. It has a relatively high Flory-Huggins interaction parameter that is approximately 0.26 at room temperature (table 1 ). An area density up to 4 teradot per inch 2 was reported for PS-b-PDMS patterns [109] . PDMS domains have in comparison with PS domains a high etch resistance to O 2 RIE, so that dry etching of PS-b-PDMS produces SiO x masks that can be used for further pattern transfer. The control of the orientation of microdomains in PS-b-PDMS is more difficult than in PS-b-PMMA because of the large difference in the surface energies between PS and PDMS. The siliconcontaining PDMS blocks have a lower surface tension (γ PDMS ∼ 20.4 mN m −1 ) than PS blocks (γ PS ∼ 40.7 mN m −1 ) so that PDMS domains selectively segregate to the air-polymer interface during self-assembly [110] . In thin films (approx. 1 L 0 ) of PS-b-PDMS, a wetting layer of PDMS is formed at the air-polymer interface that can be removed by a brief CF 4 RIE, which is typically followed by an O 2 RIE to remove the PS matrix. For thicker films (approx. 10 L 0 ), PS-b-PDMS forms mixed morphologies throughout the whole film after annealing [110] . Although cylindrical PDMS domains were aligned parallel to the substrate close to the polymer-air interface, their orientation was normal to the substrate in the middle of the film. Such a structure is unfavourable for a pattern transfer since it prohibits a direct transfer of the PDMS pattern to the substrate by dry etching. Recently, Bates et al. [111] used polarity-switching top coats to control the interfacial interactions and thus the orientation of BCP domains. Polymers composed of maleic anhydride and two other components served as top coats after spin coating from basic aqueous solution in the acid salt form. Subsequent heat treatment switched the polarity of the top coats, which in turn were neutralized, enabling a perpendicular alignment of the microdomains. The top coats could be removed by rinsing the film in a polar solvent. For example, they were able to produce lamellae that were aligned normal to the substrate in both poly(styrene-block-trimethylsilylstyrene-blockstyrene) and poly(trimethylsilylstyrene-block-lactide) BCPs by a simple thermal annealing of the films [111] . This method enables the generation of silicon-containing masks with high aspect ratio for patterning sub-10 nm features while avoiding a wetting PDMS layer at the polymer-air interface.
The Ross group performed detailed studies of PS-b-PDMS BCPs for DSA, pattern transfer and device fabrication [112] . Jung et al. [112] were the first to demonstrate the lithography application of PS-b-PDMS BCPs in thin films. A PS-b-PDMS BCP with a molecular weight of 44.5 kg mol −1 was first spin-coated onto a silicon wafer, then solvent annealed in toluene vapour for microphase separation, and finally etched by using CF 4 and O 2 RIE to produce a SiO x etch mask. Further pattern transfer from the SiO x mask to the underlying silica substrate was demonstrated by using CF 4 RIE. In a different method metals were evaporated on the BCP template to fabricate metal masks (figure 14) [113] [114] [115] [116] . For example, metals such as Co, Pt, W, Ta and Ni were first sputtered on SiO x , which was made from PS-b-PDMS. After the deposition of a relatively thick film, for example 55 nm, the deposited metal layer on the top of the polymer mask was partially planarized. CF 4 RIE was used for etching both the planarized metal and the SiO x mask. Metal layers were formed because metals have a much slower etch rate than SiO x during CF 4 RIE. For example, 9-nm-wide W wires were produced using the methodology described above [116] . Furthermore, DSA was applied to the PS-b-PDMS BCP to generate unidirectional metal line patterns [115] or hexagonally ordered metal dot arrays [114] . The metal patterns were also used as hard masks for further pattern transfer to the underlying SiO 2 substrate [115] .
PDMS-based triblock copolymers were also reported. For example, PS-b-PDMS-b-PLA was shown to self-assemble into core shell cylinders oriented normal to the sample surface [117] . PDMS was located in the middle of the ring, and thus etching by oxygen plasma served to remove the organic material leaving behind a silicon oxide ring pattern. By using Ar ion beam milling the silicon oxide rings were also transferred to other materials including Au, Ni 80 (ii) PFS-containing block copolymers Polystyrene-block-poly(ferrocenyldimethylsilane) (PS-b-PFS) are BCPs that contain both silicon and iron in one of the blocks of the copolymer. By using O 2 RIE, the PFS domains can be oxidized to form non-volatile metal oxides, which lead to relatively low etching rates compared with organic polymers [118] . Homopolymer thin films of PS and PFS showed an etching contrast up to 40 : 1 [118] . However, metal ions from the PFS domains contaminate transistor devices and thus limit patterning applications of PFS-containing BCPs. [119, 120] . Ordered microdomains were also reported for PIb-PFS diblock copolymer films directly after spin coating from a 1% toluene solution without further annealing. O 2 RIE was employed to remove the PI blocks and thereby produce an inorganic oxide mask [121] . Besides O 2 RIE, heating the sample to more than 600 • C was also used to degrade the BCP and to remove the organic components [122, 123] . Prior to the heat treatment, the BCP was exposed to UV light to cross-link the PS matrix and thus to prevent the flow of the matrix. Solvent vapour annealing of PS-b-PFS was reported under saturated toluene vapour. Control over the orientation of PFS domains was found to be strongly influenced by the thickness of the copolymer films [124, 125] .
Several lithography applications have been demonstrated for PS-b-PFS BCPs. Cheng et al. [126] used PS-b-PFS BCPs for patterning of magnetic domains. A complicated four-layer structure (from top to bottom: 50 nm PS-b-PFS, 30 nm silica, 15 nm tungsten, 8 nm cobalt) was used to fabricate cobalt dots. Several steps of dry etching, including O 2 RIE, CF 4 RIE and Ar ion milling, were carried out at different stages of the pattern-transfer process. The final structure of magnetic cobalt dots has the potential for data storage applications, spurring the interest for the development of bit-patterned media. PS-b-PFS BCPs served together with metal-assisted chemical etching for patterning silicon with high aspect ratio. PFS patterns were first transferred to SiO 2 by using CF 4 RIE and subsequently a gold layer with a thickness of 12 nm was evaporated on silicon oxide pillars. The lift-off of the pillars was realized using HF etching, wherein a gold mask remained on top of the pillars. The gold mask was etched using 10 wt% HF and 1. Besides diblock copolymers, triblock copolymers were also used for lithography applications because they can self-assemble into more complicated structures [128, 129] . Polystyreneb-polyferrocenylsilane-b-poly(2-vinylpyridine) (PS-b-PFS-b-P2VP) triblock copolymers, with volume fractions of 16%, 28% and 56%, respectively, have been reported to self-assemble into a cylindrical core-shell structure with PS cores and PFS shells in a P2VP matrix [130] . This novel structure enables the fabrication of inorganic ring arrays after removal of PS and P2VP. Chuang et al. [131] reported the formation of arrays of PFS domains with square symmetry after solvent annealing of thin films of polyisoprene-b-polystyrene-b-polyferrocenylsilane (PIb-PS-b-PFS) triblock copolymers with volume fractions of 25%, 65% and 10%, respectively, and a subsequent transfer of the PFS pattern to a silica substrate by using RIE ( figure 16) . Moreover, the DSA of triblock copolymers was demonstrated by using e-beam patterned hydrogen silsesquioxane (HSQ) pillars [132] . PI-b-PS-b-PFS triblock copolymer formed interesting morphologies when it was reconstructed in a selective solvent. For example, square arrays of PI domains were converted to hole patterns after reconstructing the copolymer film in hexane, which is a good solvent for PI and a poor solvent for PS and PFS. Such square-symmetry patterns could potentially be further transferred by using deposition of metals [133] (table 2) .
(iii) Other silicon-containing block copolymers
With the advance of synthetic chemistry, lots of new silicon-containing polymers have been reported. Both polymer chemists and physicists are pushing the limits of BCP lithography to achieve sub-10 nm resolution. Polyhedral oligomeric silsesquioxane (POSS) can be incorporated into BCPs by means of various methods. Hirai et al. [134] recently reported the fabrication of SiO x etch masks from lamellae-forming polystyrene-block-poly(methyl methacrylate hedral oligomeric silsesquioxane) (PS-b-PMAPOSS) and cylinder-forming poly(methyl methacrylate)-block-poly(methyl methacrylate hedral oligomeric silsesquioxane) (PMMA-b-PMAPOSS) BCPs by using a one-step O 2 RIE [134] . PMMA-b-PMAPOSS of a total molecular 14.9 kg mol −1 formed a spherical morphology of PMMA domains in a PMAPOSS matrix with a periodicity of 12.4 nm [135] . POSS can also be incorporated into BCPs via click chemistry. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . showed a morphology of cylindrical PPLG-g-POSS domains with a centre-to-centre distance of 10.5 nm [136] . Polysaccharide-based BCPs have also been reported to self-assemble into sub-10 nm structures as a result of the strong incompatibility between saccharidic and synthetic polymer blocks. Otsuka et al. [137] synthesized BCPs of maltoheptaose (MH) and poly(ε-caprolactone) (PCL) by click chemistry, and thermally annealed the BCP to form structures with feature sizes of 10 nm. Other saccharide-containing diblock copolymers composed of poly(para-trimethyl silylstyrene) (PTMSS) and oligosaccharides were synthesized through azide alkyne 'click' chemistry [138] . A feature size as small as 5 nm and a periodicity of 8.3 nm were obtained for MH-b-PTMSS BCPs.
Ku et al. [139] synthesized polystyrene-block-poly(4-(tert-butyldime-thylsilyl)oxystyrene) (PSb-PSSi) BCPs by means of living anionic polymerization. For example, a PS-b-PSSi BCP with a total molecular weight of 40.6 kg mol −1 was found to self-assemble into PS cylinders with a diameter of 20 nm and a periodicity of 35 nm that were embedded in a PSSi matrix. O 2 RIE was employed to convert the BCP structure to an SiO x hole pattern. The incompatibility of poly(2-vinylpyridine-block-dimethylsiloxane) (P2VP-b-PDMS) BCPs is even higher than that in PS-b-PDMS BCPs, which facilitated a further reduction of the feature size to 5 nm by means of solvent annealing. Moreover, the authors reported that both the size and the periodicity of the PDMS domains could be tuned depending on the degree of swelling during solvent vapour annealing [140] . A polyallyltrimethylsilane-block-poly(methyl methacrylate) (sPATMS-b-PMMA) BCP was prepared by using an α-bromoester-terminated sPATMS macroinitiator, which was chain extended by MMA using a cuprous halide-based atom transfer radical polymerization (ATRP) [141] . Poly of 12.1 nm after annealing the film in cyclohexane [62] . PLA-b-PDMS is another candidate to obtain small feature sizes since its incompatibility also is larger than that of PS-b-PDMS. Based on the calculations of the interaction parameter between PLA and PDMS, feature sizes as small as 3.5 nm were predicted for PLA-b-PDMS-PLA (0.6-b-1.0-b-0.6 kg mol −1 ) triblock copolymers [143] .
Control of orientation and lateral ordering in block copolymers
Key to the use of BCPs for BCP lithography is controlling the orientation and lateral order of the microdomains in thin films. Here, we only briefly introduce the most popular ways of controlling the orientation and lateral ordering of BCPs. For more in-depth reviews about this topic, we refer the reader to other reviews [8, 144, 145] .
The orientation of microdomains is critical for BCP lithography applications. For the dryetching process, the depth of patterns transferred from a mask is limited by the mask thickness and the selectivity of the specific etch recipe. Perpendicular oriented cylinders or lamellae have a high aspect ratio and are thus favoured for pattern-transfer applications. Unfortunately, a perpendicular orientation of BCP microdomains is not favoured by Nature because of the different surface energies of the two blocks of the copolymer at both the air-polymer and the substrate-polymer interfaces. For example, PMMA cylinders or lamellae in PS-b-PMMA BCPs prefer a parallel orientation to the surface of a silicon wafer owing to the preferential interactions of PMMA with the Si-OH at the substrate surface. Russell and co-workers [24] used a brush layer, which has neutral surface energy for both PS and PMMA, to control the orientation of PMMA microdomains. A random PS-r-PMMA copolymer with a hydroxyl end group was anchored to the substrate in order to adjust the surface energy of the silicon substrate. This method, however, requires the hydroxyl group to be located on the substrate, whereby the application of a hydroxylterminated neutral brush layer is restricted. The Russell group further improved this method by using a thermally cross-linkable random copolymer brush [146] . A random brush copolymer was spin-coated and thermally cross-linked to produce a neutral surface, making it universally applicable to any substrate. Apart from controlling the surface energy at the polymer-substrate interface, a modification of the polymer-air interface was demonstrated by using top coats for BCP thin films [111] . PDMS has a much lower surface energy than PS, thus a wetting PDMS layer segregates to the air-polymer interface after thermal annealing of PS-b-PDMS BCPs. Top coats, which aimed to balance the surface energies for PS and PDMS, were spin-coated on the BCP film using the cross solvent. A polymer containing a maleic anhydride moiety was designed, which, upon heating, switched its polarity to create a neutral surface for silicon-containing BCPs. Alternatively, external fields can be used to force the orientation of microdomains in a specific direction. The Russell group demonstrated field-induced alignment of microdomains in PS-b-PMMA BCP thin films in the presence of electric fields [23] . Solvent vapour annealing [69] was also reported to orient microdomains normal to the substrate.
Lateral ordering of the BCP microdomains is also important for some applications; for example, bit-patterned media for data storage, which requires near-perfect orientational and translational order. The merging of 'bottom-up' DSA with 'top-down' patterning techniques can potentially enable such control. Graphoepitaxy, which uses topographic features on the surfaces to bias the lattice orientation of the copolymer microdomains, has been used to bias the orientation of hexagonal lattices. For example, Segalman et al. [147] demonstrated the self-assembly of a single grain of PS-b-P2VP on a patterned silicon substrate. Various research groups have driven the progress of using topographic patterning to physically constrain BCPs tremendously. The Russell group extensively studied the self-assembly of both PS-b-PEO and PS-b-PVP BCPs on different topography patterns [2, 92, 148, 149] . Among them, reconstructed faceted sapphire substrates have the ability of directing the self-assembly of microdomains to form arrays with long-range ordering. This approach, which relies on a crystal surface reconstruction, yet another self-assembly process, does not require large area 'top-down' lithography and shows promise as a low-cost approach for roll-to-roll-type processes. Ross and co-workers [81, [150] [151] [152] [153] investigated PS-b-PFS and PS-b-PDMS BCPs with topography confinement. They used e-beam lithography to pattern HSQ pillars with the desired spacing and shape. Those HSQ pillars, coated with a PDMS brush, showed great capability of directing the self-assembly of PDMS microdomains. Other groups worked with various other polymers and also contributed greatly to this field. Chemical epitaxy is another way of directing the self-assembly and of controlling the lateral ordering of BCPs. Early studies were performed on PS-b-PMMA BCPs on alternating stripes of gold (hydrophobic) and SiO 2 (hydrophilic) produced by grazing incidence thermal evaporation of gold on a faceted Si wafer surface [154] . Chemical epitaxy also uses e-beam lithography to pattern the substrate surface with nanoscale features and provides substrates with chemical contrast. Nealey and co-workers [155] [156] [157] demonstrated the versatility and power of chemically patterned surfaces to the DSA of BCPs in a series of elegant studies. Non-symmetrical structures using lithographically defined chemical patterns, such as 90 • bent line, were shown to direct the self-assembly of PS-b-PMMA [155] . Also, lithographically defined chemical surface patterns with frequencies over twice as much as the BCP period were used to direct the lateral ordering of BCPs by the so-called density multiplication [157] .
Summary and outlook
Ever since the first application of BCP lithography for patterning of nanostructures in 1997, enormous progress has been made in this area. BCP lithography has now established itself as a viable strategy for patterning nanostructures. The areal density of BCP microdomains has been improved by a factor of 25 to 10 teradots per inch 2 , and a resolution as small as 3 nm was achieved [2] . Precise control over orientation and lateral ordering of BCP domains was achieved by using both brush layers and DSA. Recently, the DSA of BCPs has been recognized as a promising route for future patterning technologies in the International Technology Roadmap for Semiconductors (ITRS) [1] . BCP lithography not only finds its application in the silicon conductor industry [7] , but also shows a variety of other potential applications, such as bit-patterned media applications [158] , antireflective coatings [159] , patterning graphene transistors [160] , biosensors [161] or surface-enhanced Raman spectroscopy (SERS) [162] . Overall, BCP lithography has now proved to be a powerful nanoscale patterning technique along with other patterning techniques. There are still, though, many challenges ahead that need to be addressed before BCP lithography can be integrated into industrial processes.
First, in order to advance BCP lithography to the sub-10 nm regime, new materials with high Flory-Huggins interaction parameter χ and high etch resistance need to be designed and synthesized. Reducing the molecular weight of the BCP is a typical means to increase the resolution of BCP lithography. However, χ N, the incompatibility between the blocks, is required to be larger than 10.5 in order to maintain a microphase-separated structure according to mean-field theory. This limits low-χ BCPs such as PS-b-PMMA (χ ∼ 0.043) to form ordered structures with minimal periods of 20 nm. In addition, a large unfavourable interaction between two blocks reduces the interfacial thickness between the different blocks, thus reducing the lineedge roughness of the BCP. Equally important is that the etch resistance of the mask needs to be improved. Reducing the size of the mask reduces the thickness of the mask at the same time, since both quantities scale with the period of the BCP domains. Therefore, an etching recipe needs to be developed that provides a high selectivity between the polymer mask and the material to which the pattern is being transferred. A sub-10 nm dry-etching pattern transfer remains a challenge owing to a significantly slower diffusion of gas ions that are confined to nanoscopic space.
The defect density in ordered BCP patterns must not exceed 0.01 defects cm −2 at the resist level for all device types according to ITRS [1] , which requires BCPs to phase separate and to reduce defects within a reasonable amount of annealing time. Understanding the origin of the formation of defects and methods to annihilate defects in BCP thin films is important. Experimental results showed that an extension of thermal or solvent annealing time reduces the defect density. But systematic studies of both the thermal and solvent annealing are necessary to obtain a complete understanding of the ordering process. This would allow optimizing the processing conditions for BCP lithography in order to compete with optical lithography. Typically, in the case of photolithography, it takes only seconds to expose and develop a mask resist, and a structure can be obtained that is nearly defect-free on the whole wafer scale. So far, both solvent and thermal annealing have not reached such perfection in terms of processing time and defect density. However, a combination of both thermal and solvent annealing may provide a possibility to greatly enhance chain mobility, and thus reduce the time for DSA with minimal defects.
Third, complex integrated circuit (IC) structures, such as bends and joints, still remain a challenge for BCP lithography. However, progress has been made using the DSA of BCPs on either topography or chemistry contrast. For example, BCPs blended with homopolymers were shown to form a sharp bend structure [155] ; the assembly of complex PS-b-PDMS patterns has been directed using HSQ pillars, which were patterned by e-beam lithography [153] . Using BCP lithography to generate even more complex three-dimensional structures has not yet been extensively explored. Intel recently introduced the 'tri-gate transistor technology', taking device fabrication into three dimensions. The use of BCPs that consist of multiple blocks has the potential to create complex three-dimensional structures [163] .
Although there are still challenges to be overcome before the incorporation of BCPs into the semiconductor manufacturing process, tremendous progress has been made in the past decades. Continued research holds promise for an exciting future for the DSA of BCPs in two-and three-dimensional configurations. 
